Maternal vitamin D deficiency during pregnancy may have persistent adverse effects on childhood growth and development. We examined whether 25-hydroxyvitamin D Further studies are needed to replicate our findings, to examine the underlying mechanisms, the causality of the associations, and the potential for public health interventions.
| INTRODUCTION
Vitamin D is essential for fetal development because of its significant role during proliferation, differentiation, and maturation processes of cells, including adipose tissues and muscle cells (Brown, Dusso, & Slatopolsky, 1999; Gale et al., 2008; Pasco et al., 2008; Wood, 2008) . We have previously shown that suboptimal concentrations of maternal vitamin D are associated with low birth weight and small size for gestational age (Miliku et al., 2016) , which are known to be associated with cardiovascular risk factors in the offspring (Horikoshi et al., 2013; Lawlor et al., 2007) . Studies in adults suggest that vitamin D plays an important role in cardiovascular protection and body composition profile (Vitezova et al., 2016 ; T. J. Wang et al., 2008; Wimalawansa, 2016) . Furthermore, cross-sectional studies in children have reported associations of lower vitamin D status with higher adiposity measures and cardiovascular risk factors such as blood pressure, plasma lipids, and insulin concentrations (Gilbert-Diamond et al., 2010; Petersen et al., 2015; Williams et al., 2012) . The relations of vitamin D with calcium are well known. It has previously been reported that calcium supplementation during pregnancy has longterm effects on childhood blood pressure (Belizan et al., 1997) . Thus far, only few studies have explored the associations of circulating fetal 25(OH)D concentrations with later childhood adiposity, body composition, and cardiovascular risk factors, with inconsistent results (Crozier et al., 2012; Gale et al., 2008; Krishnaveni et al., 2011; Rytter et al., 2016; Williams et al., 2013) . These inconsistent findings may be due to differences between study populations. The small sample sizes of the previous studies could have limited their ability to detect associations (Crozier et al., 2012; Gale et al., 2008; Krishnaveni et al., 2011) .
Therefore, for the current study, we hypothesized that adverse exposure to suboptimal 25(OH)D concentrations during critical periods of fetal organ development affects childhood adiposity and cardiovascular health. In a population-based prospective cohort study among 4,903 mother and children pairs, we explored the associations of 25(OH)D concentrations during midpregnancy and in cord blood with body composition and cardiovascular risk factors at school-age.
We also explored whether any association was explained by child's current 25(OH)D concentrations.
| METHODS

| Design and study population
This study was embedded in the Generation R Study, a populationbased prospective cohort study from fetal life onwards in Rotterdam,
The Netherlands (Kruithof et al., 2014) . All children were born between April 2002 and January 2006. Enrolment in the study was aimed at early pregnancy but was possible until the first month after delivery.
The study protocol was approved by the local Medical Ethical Committee. Written consent was obtained for all children. Second trimester 25(OH)D concentrations were measured in 7,176 mothers. For the present study, we excluded pregnancies leading to twin births (n = 78) and children with congenital heart abnormalities (n = 21).
Among 7,077 singletons available for follow-up measurements, 2,174 did not visit the research centre at the age of 6 years. Thus, the cohort for analysis composed of 4,903 mothers and children with vitamin D measurements and childhood outcomes available. ( Figure S1 ).
| Maternal and cord 25(OH)D blood concentrations
As previously described, maternal venous blood samples were collected in second trimester (median 20.4 weeks of gestation, 95% range 18.5-23.4 weeks), whereas umbilical cord blood samples were collected at birth (median 40.1 weeks of gestation, 95% range 35.8-42.3 weeks; Kruithof et al., 2014) . Plasma levels of 25(OH)D 2 and 25(OH)D 3 was quantified using isotope dilution liquid chromatography-tandem mass spectrometry at the Queensland Brain Institute (Brisbane, Australia) approved by vitamin D External Quality Assessment Scheme. Assay accuracy was assessed at four concentration levels for 25(OH)D 3 (48.3, 49.4, 76.4, and 139 .2 nmol/L) and a single level for 25(OH)D 2 (32.3 nmol/L) and was excellent at all concentration levels tested (<10% and <17%, respectively); (Miliku et al., 2016; Vinkhuyzen et al., 2015) . Total 25(OH)D was calculated as the sum of 25(OH)D 2 and 25(OH)D 3 measured in plasma (Eyles et al., 2009 ).
According to current recommendations, we categorized vitamin D status into severely deficient: <25.0 nmol/L (<10.0 mg/L); deficient: 25.0 to 49.9 nmol/L (10.0 to 19.9 mg/L); sufficient: 50.0 to 74.9 nmol/L (20.0 to 29.9 mg/L); optimal ≥75.0 nmol/L (≥30.0 mg/L); (Holick, 2007; Miliku et al., 2016; Ross et al., 2011) .
| Body composition and cardiovascular outcomes
Children's anthropometrics and body composition were measured at a median age of 6.0 years (95% range 5.7-8.0) by well-trained staff in our research centre (Jaddoe et al., 2012) . Height (m) was determined in standing position to the nearest millimetre without shoes using a Harpenden stadiometer (Holtain Limited, Dyfed, UK). Weight (kg) was measured using a mechanical personal scale (SECA, Almere, The Netherlands) and body mass index (BMI; kg/m 2 ), and BMI-for-age z-
Key messages
• Severely deficient maternal vitamin D concentrations (<25.0 nmol/L) during midpregnancy are associated with higher fat mass and lower lean mass at school-age.
• Maternal and cord blood vitamin D concentrations are not associated with childhood cardiovascular outcomes.
• The associations of maternal vitamin D concentrations and childhood body composition remained similar after adjustment for child current vitamin D concentrations.
• 
| Covariates
We used questionnaires at enrolment in the study (median 13.5 weeks of gestation) to collect information about maternal age; ethnicity; educational level; parity; and on smoking, folic acid, and vitamins supplementation during pregnancy (Jaddoe et al., 2012) . Maternal energy and calcium dietary intake during pregnancy were measured at enrolment with a validated semiquantitative food frequency questionnaire (Klipstein-Grobusch et al., 1998) . Ethnicity and educational level were defined according to the classification of Statistics Netherlands.
Higher education was defined as having at least some higher/university education. Maternal height and weight were self-reported and prepregnancy BMI was calculated (kg/m 2 ). The date of blood sampling was categorized into spring, summer, fall, and winter based on the Dutch standard seasons. Infant sex, gestational age, and weight at birth were obtained from midwives, medical records, and hospital registries. Information on breastfeeding was collected using postnatal questionnaires (Miliku et al., 2015) . At the age of 6 years, child participation at sports was reported and 25(OH)D concentrations were measured in a subgroup of 3,068 subjects as described in detail elsewhere .
| Statistical methods
We performed a nonresponse analysis by comparing subject characteristics between children with and without follow-up body composition and cardiovascular outcomes using t tests, chi-square tests, and
Mann-Whitney tests. We created standard deviations scores (SDS)
for all outcomes to enable comparison between effect estimates.
We used multivariable linear regression models to assess the associations of maternal and cord blood 25(OH)D concentrations with childhood BMI; fat mass percentage; lean mass percentage; systolic and diastolic blood pressure; and total-cholesterol, triglycerides, and insulin concentrations. We log-transformed the not-normally distributed outcomes, childhood triglycerides, and insulin concentrations. Vitamin D concentrations were analysed both continuously per standard deviation increase and using clinical cut-offs (Holick, 2007; Miliku et al., 2016; Ross et al., 2011) . The regression models were first adjusted for child's sex, child's age at outcome measurements and maternal ethnicity (basic models); subsequently additionally for maternal age, education, prepregnancy BMI, parity, smoking, folic acid and vitamins supplement use, energy and dietary calcium intake during pregnancy, season when blood samples were drawn; and for child's birth weight, gestational age at birth, breastfeeding in early life and playing sports at the age of 6 years (adjusted model). The models on cardiovascular outcomes were additionally adjusted for childhood BMI (adjusted model). The covariates were included in the models based on their associations with adiposity and cardiovascular outcomes in previous studies (Taylor, Gold, Manning, & Goulding, 1997; Timmermans et al., 2008; Williams et al., 2013) However, as sensitivity analysis, we also present statistical significance after taking account for three groups of outcomes (body composition, blood pressure, and blood concentrations; P < 0.017
[0.05/3]). Ethnicity is strongly associated with 25(OH)D concentrations; therefore, we first adjusted the regression models for maternal ethnicity and second, we restricted the analyses to Europeans only, the largest ethnic subgroup in our cohort (Vinkhuyzen et al., 2015) .
Since the interactions of maternal 25(OH)D with child sex were not significant, we did not stratify our analyses on child sex. To diminish potential bias associated with attrition, missing values of covariates (less than 23.5%) were multiple imputed by generating five independent datasets using the Markov Chain Monte Carlo method. The multiple imputation procedure was based on the correlation between each variable with missing values and the other subject characteristics (Rubin & Schenker, 1991; Sterne et al., 2009) . Subjects characteristics before and after imputation are shown in Table S1 .
Statistical analyses were performed using SPSS version 21.0 (SPSS Inc., Chicago, IL, USA). Table S2 . Results from the nonresponse analysis showed that as compared with children who did not have follow-up measurements at the age of 6 years, those who did have these measurements had mothers who were on average higher educated and had higher 25(OH)D concentrations during pregnancy (Table S3 ). The correlation coefficients of the investigated outcome variables are given in Table S4 . (Table S6) (Table S6 ). We observed tendencies for similar effect estimates when we restricted the analyses to Europeans only (N = 2,974), although the observed associations on fat mass percentage and lean mass percentage did not reached statistical significance due to smaller sample sizes (Table S7 ). Tables S8 and S9 , respectively, and showed similar results.
| RESULTS
| Subject characteristics
| Maternal and cord 25(OH)D concentrations and childhood cardiovascular outcomes
| DISCUSSION
In this population-based prospective cohort study, we observed that were not associated with childhood cardiovascular outcomes.
| Interpretation and comparison with previous studies
An accumulating body of evidence suggests that suboptimal vitamin D levels are common and related with the risk of cardiovascular disease (Martini & Wood, 2006; L. Wang et al., 2012) . Adults studies suggest that low 25(OH)D concentrations are associated with higher BMI and higher fat mass percentage (Jackson et al., 2016; Vitezova et al., 2016) . In line with these results, studies in animals show that vitamin D influences development and differentiation of adipocytes and muscle cells (Pasco et al., 2008; Wood, 2008) . Also, previous childhood studies suggest a potential role of 25(OH)D concentrations on body composition and cardiovascular outcomes (Gilbert-Diamond et al., 2010; Petersen et al., 2015; Williams et al., 2012) . Vitamin D is reported to be inversely associated with the development of adiposity in school-aged children (Gilbert-Diamond et al., 2010) . Moreover, childhood vitamin D status was negatively associated with blood pressure and plasma lipids (Petersen et al., 2015; Williams et al., 2012) .
Fetal life may be a critical period for the effects of vitamin D deficiency because of the increased need and rapid fetal development. We have previously shown an association of maternal vitamin D with fetal growth patterns and birth outcomes (Miliku et al., 2016 ). For the current study, we hypothesized that suboptimal fetal vitamin D concentrations may increase the risk of adiposity and cardiovascular factors in the offspring. Results from previous birth cohort studies suggest a possible programming effect of maternal 25(OH)D concentrations on childhood body composition (Crozier et al., 2012; Krishnaveni et al., 2011) . In a study among 977 women and their offspring, it was observed that lower maternal 25(OH)D concentrations during pregnancy were associated with higher fat mass in 6-year-old children (Crozier et al., 2012) . Another study among 568 Indian women and their children reported that low maternal 25(OH)D concentrations were associated with a lower lean mass in the offspring (Krishnaveni et al., 2011 Europeans only. However, the associations were not significant, probably due to smaller numbers. It has been previously shown that body composition phenotypes track and are associated with poorer outcomes in later life (Hall, Crook, Jones, Wofford, & Dubbert, 2002; Vogelezang et al., 2016) . Therefore, the observed subclinical differences in body composition in childhood may be related to adverse outcomes in later life.
Only few studies have explored the association of fetal 25(OH)D concentrations with childhood cardiovascular risk factors (Gale et al., 2008; Krishnaveni et al., 2011; Williams et al., 2013) . In a recent study among 4,109 mothers and children at the ages of 9.9 and 15.4 years, a weak inverse association was observed of maternal 25(OH)D concentrations with systolic blood pressure at the age of 9 years (Williams et al., 2013) . However, this association was not present at the age of 15.4 years (Williams et al., 2013 (1,25-dihydroxycholecalciferol) in fat mass (Morris & Zemel, 2005) .
Furthermore, vitamin D can inhibit the expression of a key adipogenesis regulator, peroxisome proliferator-activated receptor-gamma (Kong & Li, 2006; Wood, 2008) . were not associated with 25(OH)D concentrations at the age of 6 years Finally, although we performed adjustment for many potential maternal and childhood confounders, residual confounding for the observed associations might be present.
